The first step in transcriptional activation of protein-coding genes involves the assembly on the promoter of a large PIC (pre-initiation complex) comprising RNA polymerase II and a suite of general transcription factors. Transcription is greatly enhanced by the action of promoter-specific activator proteins (activators) that function, at least in part, by increasing PIC formation. Activator-mediated stimulation of PIC assembly is thought to result from a direct interaction between the activator and one or more components of the transcription machinery, termed the 'target'. The unambiguous identification of direct, physiologically relevant in vivo targets of activators has been a considerable challenge in the transcription field. The major obstacle has been the lack appropriate experimental methods to measure direct interactions with activators in vivo. The development of spectral variants of green fluorescent protein has made it possible to perform FRET (fluorescence resonance energy transfer) analysis in living cells, thereby allowing the detection of direct protein-protein interactions in vivo. Here we discuss how FRET can be used to identify activator targets and to dissect in vivo mechanisms of transcriptional activation.
Fluorescence resonance energy transfer as a method for dissecting in vivo mechanisms of transcriptional activation Introduction
The expression of eukaryotic protein-coding genes is regulated at several steps; the majority of regulation, however, occurs at the level of transcription
Gal4: a model yeast transcriptional activator
The induction of genes involved in galactose utilization in budding yeast (GAL genes) represents a model experimental system for studying eukaryotic transcriptional activation mechanisms. Transcriptional stimulation of GAL genes requires Gal4, a well characterized acidic activator. Several components of the transcriptional machinery have been proposed to be a target of Gal4, including TBP [15, 16] , TAFs [16a] , TFIIB [15] , the Swi/Snf complex [17] , mediator subunits Srb4 [18, 19] and Gal11 [20, 21] , and the SAGA (Spt/Ada/ Gcn5 acetyltransferase) complex [22] [23] [24] . The majority of these putative targets have been identified either by in vitro protein interaction studies or through FRET (fluorescence resonance energy transfer): a method for measuring direct protein-protein interactions in vivo Originally devised as a technique for structure elucidation, FRET has been used to measure spatial proximity relationships in biological macromolecules for over three decades. Within the past few years, however, the development of spectral variants of GFP (green fluorescent protein) as reporters has made it possible to perform FRET analysis in living cells, thereby allowing the detection of protein-protein interactions in vivo (reviewed in [25] ).
The general experimental strategy is shown in Figure 1 . The technique utilizes a pair of fluorophores, termed a donor and an acceptor, which have overlapping emission/adsorption spectra. The most common pair of GFP-derived fluorophores for biological use are ECFP (enhanced cyan fluorescent protein) and EYFP (enhanced yellow fluorescent protein). Each fluorophore is fused to one of a protein pair of interest. The donor fluorophore is excited at its specific fluorescence excitation wavelength; if the donor and acceptor are not in close proximity, only the donor emission is detected ( Figure 1A ). However, if the two fluorophores are within a critical distance of each other, the excited state of the donor is transferred non-radiatively to the acceptor, and the acceptor emission is predominantly observed (a FRET signal; Figure 1B ). In practice, following donor excitation, the emission intensity for both fluorophores has been measured using a variety of FRET imaging tools, including confocal laser [26, 27] , epifluorescence wide-field microscopy [28, 29] , scanning fluorimetry [30] and flow cytometry [31] .
For ECFP and EYFP, the critical distance required for FRET is ∼50 Å (5 nm) [32] . When the structure of GFP is considered [33, 34] , an inter-fluorophore distance of 50 Å corresponds to a separation between ECFP and EYFP of 25-35 Å [28] . Because this distance is relatively small, a positive FRET signal is generally interpreted as indicating a direct interaction between the two fluorophore-tagged proteins.
A number of studies have successfully used FRET to detect direct proteinprotein interactions in living yeast cells. For example, FRET has been used extensively to map interactions between nuclear transport factors, such as those that occur between importins and exportins as they travel through the NPC (nuclear pore complex) [28] , and to determine the overall structural organization of the NPC [29] . FRET has also been used to monitor protein oligomerization; for example, dimerization of the α-factor receptor protein Ste2 [27] and the mitochondrial outer membrane protein Tom70 [31] .
FRET also has a broader applicability than simply detecting binary proteinprotein interactions. For example, FRET has been used to monitor kinetic interactions between proteins, such as those observed during heterotrimeric G-protein activation [30] . More recently, FRET has also been used to quantify protein interactions; that is, to determine the fraction of a protein population that exists in a particular complex. Using spectrally resolved fluorescence microscopy, it has been shown that the majority of Ste2 in cells forms dimeric complexes [27] .
In our laboratory, we have recently applied FRET as an experimental strategy to detect direct interactions between transcriptional activation domains and their targets in vivo. In particular, we used FRET to identify a direct target of Gal4 [26] . As mentioned above, one putative Gal4 target that had been identified is the SAGA complex. SAGA is a large multi-protein complex that in yeast is required for the normal transcription of approx. 10% of RNA polymerase II-dependent genes [35] . SAGA exhibits several properties expected of a direct target of Gal4. First, SAGA is recruited to the vicinity of Gal4 (i.e. the UAS) [22] . Secondly, recruitment of SAGA is dependent on Gal4, but not other factors, such as TBP and RNA polymerase II [22] . Thirdly, SAGA is required for recruitment of downstream factors: the UAS-bound SAGA facilitates the binding of TBP to the core promoter, thereby stimulating PIC assembly and transcription [22, 23] . SAGA is essential for GAL1 transcription: if SAGA is not recruited to the UAS, the PIC is not assembled and transcription does not occur [22, 23] .
Yeast SAGA is a 1.8 MDa complex that contains at least 14 subunits. The non-essential components of SAGA can be categorized into three groups on the basis of their distinct mutant phenotypes: (i) Gcn5, Ada2 and Ada3; (ii) Ada1, Spt7 and Spt20; and (iii) Spt3 and Spt8 [36] [37] [38] [39] [40] [41] . The SAGA complex also includes a subset of TAFs that are also found in TFIID: TAF5, TAF6, TAF9, TAF10 and TAF12. Finally, SAGA contains the ATM (ataxia telangiectasia mutated)/phosphoinositide 3-kinase-related protein Tra1, which had been reported to be a direct target of certain activators, including Gal4 [24] .
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Our FRET analyses revealed that the SAGA subunit Tra1 is a direct in vivo target of Gal4 [26] . The Gal4-Tra1 interaction did not occur in the absence of Spt20, a SAGA subunit required for complex integrity, suggesting that Tra1 must be incorporated within an intact SAGA complex for interaction with Gal4 in vivo. Notably, four other putative targets of Gal4 -TBP, TFIIB, Srb4 and Gal11 -did not show a positive FRET signal, suggesting that these factors are not direct in vivo targets of Gal4. This study demonstrated the validity of the FRET assay for identifying proteins that interact directly with activators in vivo.
Advantages and potential limitations of FRET
FRET-based techniques offer several advantages over conventional methods for detecting interactions between proteins. The most notable advantage of FRET is that it can be used to detect protein-protein interactions in living cells. As such, FRET can be performed on intact, functional complexes rather than isolated subunits. The technique is also broadly applicable to studying a wide variety of proteins (i.e. cytoplasmic, nuclear or membrane-bound), and is highly sensitive to detecting an interaction at the level of a single cell. FRET is also a very versatile approach with respect to the equipment required to detect the FRET signal (i.e. scanning fluorimeter, laser scanning microscope or flow cytometer). Moreover, if the interactions are monitored using microscopy, it is possible to gain additional information regarding the subcellular localization of the protein and its interacting partner.
As with any technique for monitoring protein-protein interactions, FRET also has potential limitations. One potential caveat is that a false-positive FRET signal may arise if the two fluorophores are adventitiously positioned within ∼30 Å of one another through an indirect interaction mediated by a third ('bridging') protein. There is also the possibility of obtaining a false-negative signal. One parameter thought to affect FRET efficiency is the relative orientation of the two fluorophores, raising the possibility that fluorophores may be positioned within the critical distance but may be not oriented properly to allow FRET to occur. However, a study has reported that fluorophore orientation is not an essential factor for intermolecular distance determination by FRET, implying that it may not be an important parameter governing energy transfer [42] .
Another potential limitation of FRET is that the interpretation of a positive result becomes complicated for proteins that are present in multiple complexes. For example, detecting an interaction between an activator and a TAF protein does not distinguish whether the target is a TFIID subunit or a SAGA subunit. Moreover, the dynamic nature of some proteins/complexes may decrease the likelihood that a FRET signal will be observed. Finally, if the protein of interest is not abundant, it may be difficult to detect a FRET signal, as ECFP is not a particularly bright fluorophore.
